This paper focuses on the pitting resistance of hot-dip aluminized (HDA) stainless steel after the depletion of the coating layer formed in the exhaust condensed solution. HDA stainless steel is composed of a coating layer, an interdiffusion layer, and a substrate. In the interdiffusion layer which is mainly composed of Al 7 (Fe,Cr) 2 Si and (Fe,Cr)(Al,Si) 3 , microcracks were observed in the (Fe,Cr)(Al,Si) 3 layer. From electrochemical tests, the corrosion potential of the Al-10Si coating-removed 409L is higher than that of the interdiffusion layer-removed 409L. The pit depth of the substrate (anode) exposed by microcracks of the interdiffusion layer (cathode) is drastically increased when the coating layer is extinct.
Introduction
Ferritic stainless steel is mostly used as materials for automotive exhaust system because it has good corrosion resistance and heat resistance. However, the materials indicating better corrosion resistance have been required because the regulation for exhaust gas has been tightened up recently and the service-life requirements for automobile have been increased. Especially, at the internal site of coldend exhaust system, condensate water which is mixture of moisture and exhaust gas is generated and it can cause severe internal corrosion of muffler because the condensate water includes aggressive ions such as acetate (CH 3 ) and chloride (Cl ¹ ) ions. 13) Metallic coating is one of the methods to improve the corrosion resistance of the substrate by cathodic protection. Especially, hot dip aluminizing process has been used in various applications because of low manufacturing cost compared with other coating techniques and good brightness of the coating surface. In the case of applications such as muffler, heat exchange tube and boiler, Si is added to the Al melt in order to increase the heat resistance. 4, 5) In addition, it was reported that the addition of Si forms thinner and more homogeneous interdiffusion layer. 69) Moreover, aluminizing time and temperature also remarkably affect the thickness and phases of the interdiffusion layer.
912) Although the intermetallic compound layer can have an effect on the corrosion behavior of coated material, most of research has focused on the sacrificial anode effect of Al coating. Especially, it was reported that the corrosion resistance or high temperature oxidation resistance of aluminized materials were higher than uncoated materials in corrosive environments. 13, 14) However, the corrosion resistance of substrate after the consumption of coated material is also important when total life of material is considered.
Al indicates localized corrosion in neutral solution because aluminum oxide forms protective passive film. However, because the pH of condensate in automotive muffler can be lowered down to 2, uniform corrosion can be occurred in acid solution due to the unstable passive oxide on the surface. In that case, Al coating layer can be consumed rapidly due to the high dissolution rate and sacrificial anode effect.
Recent study reported that the steel substrate was only protected by the Al layer and not by the interdiffusion layers in NaCl solution through the measurement of galvanic and Volta potentials. 15) This means that the interdiffusion layer could have a negative effect on the corrosion resistance of the steel substrate when the coated Al is depleted. The research on the corrosion mechanism of aluminized stainless steels has not been fully investigated although the materials were already developed and produced. In addition, it was reported that the accumulation of voids at the interface between the aluminized layer and the steel substrate or the formation of cracks in brittle interdiffusion layer could have an adverse effect on the corrosion resistance. 16, 17) In this paper, the electrochemical behavior for aluminized stainless steel in condensed solution after dissolution of coating layer was studied by electrochemical tests, immersion test and surface analysis.
Experimental Procedures

Specimens and solution
Uncoated and Al-10 mass% Si coated AISI 409L stainless steel with thickness of 1 mm were used as test specimens. Table 1 lists the chemical composition of 409L stainless steel. The surface of the uncoated stainless steel was ground with 600-grit silicon carbide paper.
Al-Si coating layer was attached to the cold-rolled 409L stainless steel sheet by passing through the molten Al-Si bath above 600°C after heat treatment in continuous galvanizing line. During hot dip aluminizing process, H 2 gas was injected into the molten bath to prevent oxidation of stainless steel surface. In order to expose the interdiffusion layer, Al-Si coating layer was selectively removed by dipping aluminized stainless steel in 1 mol L ¹1 NaOH solution. 18) For the removal of interdiffusion layer, 60 vol% nitric acid solution was used to expose the substrate of aluminized stainless steel. 19) The synthetic condensed solution for automotive muffler specified in JASO M 611 (Japanese Automotive Standard) was used as the test solution and Table 2 lists the concentration of ions in the test solution and its pH. The temperature of the test solution was 80°C and the solution was aerated with air.
Surface and composition analyses
The chemical compositions of the coating and the interdiffusion layer for aluminized stainless steel were investigated by scanning electron microscopy (SEM) with an energy dispersive X-ray spectrometer (EDS) Model S-3000H (Hitachi, Japan) and X-ray diffraction (XRD) Model D8 Discover (Bruker, Germany) with a scan rate of 4 degree min ¹1 . Electron probe microanalysis (EPMA) Model JXA-8900R (JEOL, Japan) was performed to analyze the composition and distribution of the elements in the cross section of the specimen. After immersion test of the aluminized stainless steel, SEM was used to measure the pit depth of the specimens through cross-sectional image.
Anodic polarization test and galvanic corrosion test
Anodic polarization test for aluminized stainless steel was performed by using a 3-electrode system: the specimen with an area of 1 cm © 1 cm as the working electrode (WE), graphite rod as the counter electrode (CE), and a saturated calomel electrode (SCE) as the reference electrode (RE). After open-circuit potential (OCP) was stablilized, anodic polarization potential was swept at a scan rate of 10 mV min ¹1 from the OCP to 1.2 V vs. SCE. Anodic polarization tests for Al-Si coating layer, interdiffusion layer and stainless steel were separately performed in the synthetic condensed solution at 80°C. All anodic polarization tests were run at least twice using potentiostat Model PARSTAT 2263 (Princeton Applied Research, USA) and the data were obtained clearly and reliably.
Zero resistance ammeter (ZRA) test was performed to measure the direction and quantitative values of the galvanic currents. The galvanic currents of three different galvanic couples (Coating layer (WE)/interdiffusion layer (CE), coating layer (WE)/substrate (CE), and substrate (WE)/interdiffusion layer (CE)) were measured periodically during 5 days in the synthetic condensed solution. The stable galvanic currents were measured once a day. The exposed area of the specimens was controlled to 1 cm © 1 cm. ZRA test was performed using Model VMP2 multichannel potentiostat/ galvanostat (Bio-Logic Science Instruments SAS, France).
Pit depth measurement and electrochemical impedance spectroscopy (EIS)
The pit depth of aluminized 409L stainless steel was measured periodically through the cross section of corrosion coupons immersed in the condensed solution using SEM. The open-circuit potential and electrochemical impedance were also periodically measured to observe the corrosion resistances of the specimens. EIS measurement was performed with an amplitude of «10 mV from 100 kHz to 10 mHz using Model VMP2 multichannel potentiostat/ galvanostat. The polarization resistance was calculated by fitting the Nyquist plots obtained by EIS.
Results and Discussion
3.1 Structure and composition of aluminized stainless steel Figure 1 shows the EPMA line profiles for the cross section of the aluminized 409L stainless steel. Three layers were observed, which represent the coating layer, interdiffusion layer and substrate, respectively. The EPMA line profiles indicated that Al, Fe, Si and Cr elements were included in the interdiffusion layer (patterned area in Fig. 1(b) ). Table 3 lists the compositions at the positions marked in Fig. 1(a) measured by EDS analysis. During the hot-dip aluminizing process, Al is diffused inward from the coating and Cr is diffused outward from the substrate. It was confirmed that the substrate below the interdiffusion layer (position 1 and 2) also included considerable Al content. From this result, it turns out that the exposed surface of the aluminized stainless steel substrate could be different from the surface of uncoated stainless steel. Thus, this composition variation can influence the corrosion resistance of the steel.
In the case of aluminized steel with Al bath except for Si, it was reported that Fe-Al interdiffusion compound layers consist of two sublayers which are usually formed by Fe 3 Al and Fe 2 Al 5 compounds. 4, 6, 7, 2022) In this study, the average ratio of Fe:Al:Si in the interdiffusion layer indicated ca. 7.0 : 1. 7) also found that Si atoms substitute Al atoms of FeAl 3 -ordered structure and Cr atoms from the substrate substitute Fe atoms in interdiffusion layer. Figure 2 shows XRD analysis of coating layer and interdiffusion layer on 409L stainless steel. The peaks of Al and Si were detected in the coating layer, while Al 7 (Fe,Cr) 2 Si and (Fe,Cr)(Al,Si) 3 intermetallic phases were detected in the interdiffusion layer. Figure 3 shows the interdiffusion layer of aluminized stainless steel after the removal of Al coating top layer using NaOH solution. It was found that the shape of the upper interdiffusion layer indicated complex dendritic structure and another thin layer with thickness of 1 µm was observed below the upper interdiffusion layer. It is suggested that the upper layer is mainly consisted of Al 7 (Fe,Cr) 2 Si intermetallic phase and the inner layer is manily (Fe,Cr)(Al,Si) 3 intermetallic phase.
The thin layer had some microcracks as shown in Fig. 3(b) . It is also reported that the cracks may be present at the last interdiffusion layer after the forming process in AlSi-Fe coated steel.
28) It was confirmed that some microcracks were formed in the inner interdiffusion layer during the aluminizing process and these sites may be filled with coating material before the coated layer is removed. It is suggested that the substrate can be exposed to the solution with interdiffusion layer because some cracks are formed in the inner interdiffusion layer as soon as the coating material in the defects of the interdiffusion layer is dissolved to the solution. Figure 4 shows the anodic polarization curves of uncoated 409L stainless steel and three kinds of surface-modified 409L stainless steels with aluminizing process (Al-10Si coated Table 3 Composition of the positions marked with black dots in Fig. 1(a) (in at%). 409L, Al-10Si coating-removed 409L, and interdiffusion layer-removed 409L) in the synthetic condensed solution at 80°C and the polarization data are summarized in Table 4 . Al-10Si coated 409L indicates active corrosion behavior and this is due to the low pH of the solution which is difficult to form the passive film of Al oxide. In addition, Al-10Si coated 409L indicates the lowest corrosion potential (E corr ) among the layers. Therefore, the coating layer protects the substrate and interdiffusion layer when the coating layer and the local sites of the substrate or interdiffusion layer are exposed to the solution simultaneously. The corrosion potential of the Al-10Si coating-removed 409L (interdiffusion layer) is higher than that of the interdiffusion layer-removed 409L (substrate) and the passive current of the Al-10Si coating-removed 409L is two orders of magnitude lower than that of the interdiffusion layer-removed 409L. The pitting potential (E pit ) of Al-10Si coating-removed 409L is also higher than that of the interdiffusion layerremoved 409L. From the polarization curves, the interdiffusion layer has excellent corrosion resistance in the condensed solution and it is cathodically protected by the substrate when all the coating materials are dissolved. The galvanic coupling between the interdiffusion layer and the substrate is formed. I. D. Graeve 15) also reported similar results that the interdiffusion layer indicated more noble potential than substrate for pure Al and Al-Si coated steels.
Anodic polarization test and ZRA test
The uncoated 409L indicates a higher corrosion potential and a lower passive current density than the interdiffusion layer-removed 409L. When stainless steel is hot-dip aluminized, the protective property of passive film formed on the substrate in the solution is declined compared with the film formed on uncoated stainless steel. In the case of the substrate of aluminized stainless steel, it could not form protective passive film like that on uncoated stainless steel due to the decrease of Cr and the increase of Al content by diffusion in the substrate adjacent to the interdiffusion layer as shown in Table 3 . Therefore, the intermetallic compounds consisting of interdiffusion layer decrease the corrosion resistance of the substrate and can accelerate the corrosion rate of the substrate of aluminized stainless steel.
ZRA test was performed for the clear distinction of galvanic effects among the layers consisting of different materials. Figure 5 shows the galvanic current between two materials connected by a lead wire. All of the directions of the galvanic currents among three pairs of electrodes obtained from ZRA test were identical to the directions of the galvanic current implied by the corrosion potentials obtained from the anodic polarization test in Fig. 4 . The initial galvanic current between Al-10Si coated 409L and interdiffusion layer-removed 409L (30³40 µA·cm
¹2
) was higher than that between Al-10Si coated 409L and Al-10Si coating-removed 409L (10³25 µA·cm
). When the coating layer was depleted, the galvanic current can flow from the substrate to the interdiffusion layer, which is enough to damage the substrate. Therefore, it is critical to the corrosion resistance of the substrate when coating layer is extinct in the condensed solution. Figure 6 shows the maximum pit depth for aluminized 409L stainless steel as a function of immersion time in the condensed solution. The maximum pit depth of aluminized 409L stainless steel was less than about 5 µm until 56-day of immersion because the substrate was protected by Al-Si coating layer.
Pit depth, OCP, and EIS measurements and crosssectional analysis after immersion test
However, after 84-day of immersion, the maximum pit depth of aluminized 409L stainless steel increased drastically and the maximum pit depth during 110 days is about 105 µm for aluminized stainless steel. During the same immersion time, OCP and EIS measurements were performed to observe the variation of electrochemical characteristics. Figure 7 shows the OCP and polarization resistance of aluminized 409L stainless steel as a function of immersion time in the condensed solution. It was confirmed that the OCP of the specimen was stable during about 50-day of immersion and it was the potential of aluminized coating layer. After 50 days, the OCP of the specimen increased steadily with immersion time. At that time, the polarization resistance which is inversely proportional to the corrosion current also increased with increasing OCP. The increased polarization resistance value after 50 days is not the resistance by the coating layer but by the interdiffusion layer. It might be explained by the extinction of all aluminized coating layer by dissolution and the exposure of interdiffusion layer and/or substrate. From Figs. 6 and 7, it could suggest that the pit depth of the substrate for aluminized stainless steel drastically increased after the coating layer completely disappeared. It must be pointed out that the passive film of aluminized stainless steel substrate is not protective due to the limited Cr-content in the passive film. Figure 8 shows the SEM images of the pits of the aluminized stainless steel after immersion test. It was confirmed that the interdiffusion layer was remained on the substrate, although the pits of the substrate were grown. This means that the interdiffusion layer was protected by the substrate.
As shown in Fig. 8(c) , the presence of interdiffusion layer after the pit growth into the substrate is related to the increase of the pit growth rate after the extinction of coating layer. When the interdiffusion layer is exposed to the solution, the localized area of the substrate is also exposed because the inner intermetallic compound (Fe,Cr)(Al,Si) 3 has microcracks. In addition, these cracks can act as a kind of crevice. Because the solution within the crevice is stagnant, the oxygen depleted can not be replenished 29) and it additionally decreases the corrosion resistance of the substrate. Since the substrate (small anode area) and the interdiffusion layer (large cathode area) form micro-galvanic coupling, the pit propagation rate of the substrate is drastically increased.
In brief, the diffusion of elements during hot-dip aluminizing and subsequent galvanic corrosion between the interdiffusion layer and the substrate are the main cause of the increased pit growth rate of the stainless steel substrate in the exhaust condensed solution.
Conclusions
In this study, the corrosion resistance of hot-dip aluminized stainless steel in the exhaust condensed solution after the dissolution of coating layer was investigated and the conclusions are as follows:
(1) In the hot-dip aluminized 409L stainless steel, Fe, Cr, Al and Si elements were included in the interdiffusion layer and the layer was composed of two sublayers. From XRD analysis, Al 7 (Fe,Cr) 2 Si and (Fe,Cr)(Al,Si) 3 peaks were found in the interdiffusion layer. (2) From anodic polarization curves for aluminized stainless steel in the condensed solution, the corrosion potential and pitting potential of the interdiffusion layer were higher than those of the substrate of aluminized stainless steel. (3) Immersion test and electrochemical measurements indicated that the pit depth of aluminized stainless steel was increased after the coating layer was extinct. (4) The interdiffusion layer and the substrate can be exposed simultaneously by the defects in the inner (Fe,Cr)(Al,Si) 3 layer and micro-galvanic coupling between the interdiffusion layer (cathode) and the substrate (anode) is formed. As a result, the pit growth rate of the substrate can be accelerated. 
